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Abstract 
This paper addresses the problem of designing a robust control for a laboratory 3DOF helicopter system. Simplified and disturbance 
rejection robust controllers are presented for the linearized dynamical system. The robust controller is formulated as a mixed H2/H∞ 
problem. An Adaptive Neuro Fuzzy Inference System (ANFIS) is used for intelligent estimation of uncertainties. This paper is dedicated 
to robustly compensate for the effects of modelling uncertainties and disturbances on the helicopter system, using intelligent estimation. 
Further study on the design and controller implementation issues is now being developed. 
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Nomenclature 
Ge the model error frequency response function  
K feedback robust controller 
Wai uncertainty weighting function 
Wdi disturbance weighting function 
Wei performance weighting function 
Wui control weighting function 
q the generalized coordinates 
ηdi the disturbance 
1. Introduction 
 Recently, there is a renewed interest in helicopter control, particularly with the increased use of rotary type unmanned 
aerial vehicles. The nonlinear characteristics of the system as well as high coupling among its states have made the control 
of such system a confronting control problem. In this study, a laboratory scale version with 3DOF is considered as a typical 
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benchmark for experimental purposes in control design. This is mainly useful for justification of control scheme during the 
developmental stage of full flight control law.  
As the helicopter is an under-actuated mechanical system [1], many problems arise due to under actuation like non-
linearity and non-minimum phase system properties. Moreover, there are unavoidable effects of uncertainties in the 
mechanical system model which may further increase the difficulties. That motivates the development of robust control of 
helicopter system. Many approaches were applied to a helicopter control problem. Linear Quadratic regulator (LQR) is 
among the most commonly used state-space controllers for helicopter system [2] [3], [4], [5]. However, due to the highly 
nonlinear nature of the helicopter system and the need for robustness of the design, other approaches that implement 
nonlinear based robust control methods have been also developed, [6], sliding control which is a likely choice [7], and 
multiple-surface sliding controller (MSSC) [8]. Nevertheless, the standard sliding for a helicopter might phase some 
difficulties due to chattering.   
Recently, development and application of the H∞ design method has gained much interest due to its promising 
characteristics: the ability to specify the closed-loop system’s frequency response by means of requirements on the 
sensitivity and the complementary sensitivity, and the ability to minimize undesirable resonance in the frequency response 
while closing all loops from input to the output vector in an essential single design step [9].       
In this paper, an intelligent robust H2/H∞   controller is developed using two different robust control schemes; simplified 
and disturbance rejection. Simulation results on a linearized helicopter system model reveal the benefits of combining 
intelligent system identification and robust control: significant performance improvements vs. conventional LQR and robust 
control have been achieved.  
The paper is organized as follows; Section 2 presents the helicopter dynamics and modelling, Section 3 presents the 
intelligent robust control design, Section 4 discusses the results and finally, Section 5 concludes the paper.  
2. Helicopter Dynamics: Description and Modelling  
The laboratory scale 3DOF helicopter system [1] consists of two DC motors mounted at the two ends of a rectangular 
frame (helicopter frame) that drive two propellers (back and front propellers). There are two inputs voltages: one for the 
front motor and the other for the back motor are required to generate the necessary thrusts vectors to control the system in 
the three degree of freedom. The generated thrust vectors are related to rate of elevation, pitch and travel. From the 
definition of the Euler-Lagrange system, the dynamical model of the helicopter can be derived from the knowledge of its 
energy functions [1].  
The following definition provides a formal formulation of  mechanical system. 
Definition  [10] The Lagrangian equations for the helicopter mechanical system may be written as: 
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For the 3DOF helicopter, the generalized coordinates, q are defined in terms of the elevation, ϵ, pitch, p, and travel, λ 
angles: 
     > @Tt,tp,tq OH       (4) 
The external forces Fe comprises of the force on elevation, Fϵ, force on the pitch, Fp , and the force on the travel angles, 
Fλ. The thrust forces acting on the elevation, pitch, and travel axes from the front and back motors are defined and made 
relative to the quiescent voltage [1]. 
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Consider the state variable vector  Tq,q:x  and write the linearized model in state space representation: 
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And the output vector is 
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The corresponding helicopter state space matrices are [1] 
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And for the given parameters in Table 1 [1], the numerical values of (9) are: A6,2=-1.2304, B4,1=B4,2=0.0858, B5,1=0.5810 
and B5,2=-0.5810. 
 
Table 1.The main parameters description of the 3DOF helicopter[1] 
Symbol
 
Description
 
Value
 
Units
 
fK  
Propeller force- thrust 
 
Constant
 0.1188
 
N/V
 
wm  
Mass of the counterweight
 
1.87
 
Kg
 
fm  Mass of front propeller 
 
Assembly
 0.713
 
Kg
 
aL  
Distance between travel axis to helicopter body
 
0.660
 
m
 
hL  
Distance between pitch axis to each motor
 
0.178
 
m
 
wL  
Distance between travel axis to the counterweight
 
0.470
 
m
 
g
 
Gravitational constant
 
9.81
 
2s/m  
 
3. Robust Control Design for the Helicopter System 
For robust controller design, the helicopter system is described by a nominal model and a bounded uncertainty. These 
uncertainties introduce the effect of errors through frequency dependent weighting functions [11]. The aim of these weights 
is to reproduce the effect of component and modelling errors in the description of the actual plant. The better this 
relationship is known, the more efficient the unstructured uncertainty weights will be in synthesizing a robust controller that 
will accumulate performance requirements in the actual environment of the plant.  
3.1.  Simplified H∞ Robust Controller Design 
Figure (1) shows the constructed closed loop system, where Wu1,Wu2 are control weighting functions and We1,We2,We3 are 
performance weighting functions. The selection of the weighting functions Wei and Wui follows that in [11],[12], while the 
selection of the uncertainty weighting functions Wa1 ,Wa2 is accomplished as will be discussed in Section 3.2. 
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 In order to satisfy some objectives; robust stability, robust performance, faster tracking and reduced effects of 
uncertainties and measurements errors, the robust controller is formulated as a mixed H2/H∞ problem. The prescribed 
specifications are translated into the following criterion [13]: 
 Minimize 2
22
2 TT ED ff      (10) 
while maintaining the H∞  of the closed loop transfer function T∞  from ωi to z∞ < γ0 and maintaining the H2 of the closed 
loop transfer function T2 from ωi to z2 < ν0, where γ0 > 0 and ν0 > 0 are some prescribed value. Moreover, the closed loop 
poles will be placed in the Linear Matrix Inequalities (LMI) open left hand plan region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The entire-connection of the robustly-controlled system. 
3.2. Intelligent Estimation of Uncertainty Bounds for H∞ Robust Controller Design 
 The most common problem with robust controller design is that it results in a conservative control action since it is 
based on the worst case assumptions [11]. In order to overcome this limitation an intelligent estimation of uncertainty 
bounds is developed in [14], using Adaptive Neuro Fuzzy Inference System (ANFIS).  
The main purpose of the intelligent uncertainty identification is to calculate approximately the upper magnitude bound of 
the model error frequency response function Ge(jω) [13]:  
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ZZZZ       (11) 
where Gr(jω) is the measured frequency response function of the actual system, GN(jω) is the frequency response function 
of the nominal linear model of the system, E(jω) is the Fast Fourier Transform (FFT) of prediction error e(t) and U(jω) is 
the FFT of u(t). Note that plant uncertainties and non-deterministic effects give rise to frequency dependent intervals 
associated with |Ge(jω)|. 
3.3. Disturbance Rejection Scheme for Robust Controller Design 
 In order to compensate for the effects of interaction between the different axes in the robust controller design, the entire 
connection configuration of (Figure 1) is considered with additional disturbance weighting functions. The main idea is to 
shape the closed- loop Sensitivity 11  )KG(S N  and complementary functions KG)KG(ST NN 111    with weighting 
functions Wei,  Wai,  Wui  and  Wdi  to achieve robust   stability,   model   error  compensation,  disturbance rejection, and 
noise attenuation, and to make the closed- loop  response  close  to  a  target  reference  ri. The weighting function Wd1 
reflects the frequency contents of the disturbing effect of input u2 and the weighting function Wd2 reflects the frequency 
contents of the disturbing effect of input u1. Applying a similar approach to the estimation of uncertainty using ANFIS (in 
Section 3.2), and using experimentally collected data,  intelligent disturbance weighting functions had been estimated in 
order to accurately attenuate the effect of crosstalk disturbance in specific frequency range on the control signal. In this 
case, the regulated outputs are chosen as ei=ri-yi, the deviation from target response, the weighted error z1,2,3, and the 
weighted control z4,5. Detailed description can be found in [15].   
 
In order to simplify the development of the entire connection, the control input voltage to the plant is arranged to include 
We3
Wu1 Wu2
We2
We1
GN
Wa2
Wa1
K
u2
u1
z1
z2
z3
re
rp
rt
z4z5
+
- +
+
-
-
124   Safanah M. Raafat and Rini Akmeliawati /  Procedia Engineering  41 ( 2012 )  120 – 126 
both the control signal voltage u1,2 and the weighted disturbance effect Wdiηdi, where ηd1 and ηd2 are the disturbances. 
Therefore, it will be formulated as  
udi=ui+ Wdiηdi       (12) 
 
4. Simulation Results 
The application of robust control synthesise for the 3DOF helicopter is presented in this section. Based on the state space 
model described by (5), the robust controller is designed to satisfy (10). However, the obtained robust controller is of high 
order ,13, and model order reduction is necessarily applied to obtain the suitable control action of order 8. For a tracking and 
regulation control problem, the system states are augmented with two extra integral states vector to improve the tracking 
performance [1], providing that the sensitivity of the robustly controlled is satisfied.  
 Figure (2) shows a comparison of elevation responses to a square input signal between two robust controllers as well as 
Quanser LQR controller. It is shown that the designed H∞ robust controller can achieve better transient performance (i.e. 
settling time, overshoot and steady state error) compared with that of LQR. Specifically, the robust controller with 
intelligently estimated uncertainty weighting functions can provide more accurate results. Similarly, Figures (3) and (4) 
presents the comparison results of pitch and travel responses using the robust controller and the Quanser LQR controlled 
system.  Figures (5) and (6) show the controlled signals of the front and back motors. Reduced control signals are achieved 
by the robust controllers.  
Figure (7) shows the elevation responses of the three developed robust controllers. The robust controller with 
disturbance rejection configuration improves the transient response of the controlled system, as compared with the other two 
robust controllers. The same can be observed in Figures (8) and (9). Though, the overshoot of the pitch response has 
increased. These changes can be related to the increased control signals of the front and back motors due to the inclusion of 
the coupling effects, as shown in Figures (10) and (11). 
It was observed from the experimentally obtained data and from the estimated disturbance weighting functions that most 
of the coupling effects are related to the elevation and travel states. Nevertheless, the applied experimental treatment can 
efficiently compensate for the coupling effects within limited range of perturbations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 2. Elevation responses of the robust control, intelligent robust control, and Quanser LQR with square input  (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Pitch responses of the robust control, intelligent robust control, and Quanser LQR  (by simulation). 
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Fig. 4. Travel responses of the robust control, intelligent robust control, 
and Quanser LQR with square input (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Front motor control signals of the robust control, intelligent 
robust control, and Quanser LQR with square input (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Back motor control signals of the robust control, intelligent 
robust control, and Quanser LQR with square input (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Elevation response signals of the intelligent-disturbance 
rejection robust control, intelligent robust control, and robust control 
with square input (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Pitch response signals of the intelligent-disturbance rejection 
robust control, intelligent robust control, and robust control with square 
input (by simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Travel response signals of the intelligent-disturbance rejection 
robust control, intelligent robust control, and robust control with square 
input (by simulation). 
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Fig.10. Front motor control signals of the intelligent-disturbance 
rejection robust control, intelligent robust control, and robust control 
with square input (by simulation). 
 
 
 
 
Fig.11. Back motor control signals of the intelligent-disturbance rejection 
robust control, intelligent robust control, and robust control with square 
input (by simulation). 
  
5. Conclusion 
 In this paper, simplified robust and robust disturbance rejection controllers have been developed for the linear dynamic 
model of a 3DOF helicopter. The modelling uncertainties and disturbance effects were estimated using ANFIS. Two H2/H∞ 
robust controllers were synthesized using intelligently estimated weighting functions. Simulation results and comparison 
with a conventional LQR controller demonstrate that the performance of the closed loop system with the designed robust 
controllers had improved considerably and the control effort was reduced. The accuracy and simplicity of the proposed 
approach encourage its applications for other dynamical systems, such as vehicles and robots. 
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